Local helioseismology provides a unique opportunity to investigate the subsurface structure and dynamics of active regions and their effect on the largescale flows and global circulation of the Sun. We use measurements of plasma flows in the upper convection zone, provided by the Time-Distance Helioseismology Pipeline developed for analysis of solar oscillation data obtained by the Helioseismic and Magnetic Imager (HMI) on board of Solar Dynamics Observatory (SDO), to investigate the subsurface dynamics of emerging active region NOAA 11726. The active region emergence was detected in deep layers of the convection zone about 12 hours before the first bipolar magnetic structure appeared on the surface, and 2 days before the emergence of most of the magnetic flux. The speed of emergence determined by tracking the flow divergence with depth is about 1.4 km/s, very close to the emergence speed in the deep layers. As the emerging magnetic flux becomes concentrated in sunspots local converging flows are observed beneath the forming sunspots. These flows are most prominent in the depth range 1-3 Mm, and remain converging after the formation process is completed. On the larger scale converging flows around active region appear as a diversion of the zonal shearing flows towards the active region, accompanied by formation of a large-scale vortex structure. This process occurs when a substantial amount of the magnetic flux emerged on the surface, and the converging flow pattern remains stable during the following evolution of the active region. The Carrington synoptic flow maps show that the large-scale subsurface inflows are typical for other active regions. In the deeper layers (10-13 Mm) the flows become diverging, and surprisingly strong beneath some active regions. In addition to the flows around active regions, the synoptic maps reveal a complex evolving pattern of large-scale flows on the scale much larger than supergranulation.
Introduction
Emergence and formation of magnetic active regions on the surface of the Sun is one of the central problems of solar physics. It is of the fundamental importance in astrophysics because active regions are one of the primary manifestations of the solar and stellar magnetism. In addition, solar active regions (AR) are the major drivers of the solar variability, geospace and planetary space environments and space weather. Understanding of the emergence and evolution of active regions is a key to developing the knowledge and capability to detect and predict extreme conditions in space. The uninterrupted helioseismology and magnetic data from Solar Dynamics Observatory provide unique opportunities for comprehensive studies that can uncover the basic mechanisms of active region formation, evolution, and their flaring and CME activity .
Recent studies revealed that the emergence and magnetic structure of active regions are closely linked to the plasma flows on the surface and in the subsurface layers (Hindman et al, 2009; Komm et al, 2011 Komm et al, , 2012 Kosovichev, 2012; Kosovichev and Duvall, 2006; Birch et al, 2013) . For example, diverging subsurface flows have been detected prior the emergence of active regions, shearing and twisting flows are found to be associated with flaring activity, large-scale converging flows formed around active regions affect the meridional circulation and along with the tilt of active regions (Joys law) are believed to be among primary factors determining the strength and duration of the future solar cycles.
The conventional wisdom is that the active regions are a result of emergence of toroidal magnetic flux ropes formed near the bottom of the convection zone by a dynamo process. This theory can explain the Joy's law and the absence of active regions at high latitudes providing the initial magnetic field strength is about 60 kG (D'Silva and Choudhuri, 1993) , which greatly exceeds the equipartition field strength and has not been reproduced by the dynamo theories. Current 3D MHD global-Sun models computed in the anelastic approximation have shown that the dynamo-generated field can be organized in the form of flux tubes but on much larger scale (Brun et al, 2004; Fan and Fang, 2014; Guerrero et al, 2016) . These models indicates that the active regions and sunspots are probably formed in the near-surface layers, but the anelastic approximation becomes invalid close to the surface, where compressibility effects play significant role. With the currently available computational resources the realistic compressible radiative MHD simulations are capable to model only relatively shallow near-surface. These simulations have revealed a process of spontaneous formation of compact pore-like structures from initially distributed magnetic fields, maintained by converging downdrafts, however, other mechanisms of magnetic self-organization may be also involved (Käpylä et al, 2016; Kitiashvili et al, 2010; Masada and Sano, 2016) .
The magnetic self-organization process is probably a key to understand the formation of sunspots and active regions. It involves a complex interac-tion of turbulence with magnetic field, but in all cases the large-scale flow pattern includes compact regions of converging downdrafts around magnetic structures in shallow ∼ 5 Mm deep regions. In the deeper layers the flows are mostly diverging. This flow pattern corresponds to the Parker's cluster model of sunspots. It has been observed by the time-distance helioseismology analysis of the SOHO/MDI and Hinode/SOT data (Zhao et al, 2001 (Zhao et al, , 2009 Zhao and Kosovichev, 2003) . The data analysis also showed that in the decaying sunspots the flows become diverging. Other helioseismology methods, such as the ring-diagram analysis and the helioseismic holography, provide the subsurface flow maps with a lower resolution than the time-distance helioseismology, and did not confirm the existence of the converging downdrafts beneath the sunspots. Instead, they inferred diverging flows of a larger scale around sunspots over the whole depth range probed by these techniques (Hindman et al, 2009) .
The current helioseismology measurements in regions of strong magnetic field are subject to significant systematic errors due to the uncertainties in the Doppler-shift measurements, large variations of the sound speed causing nonlinear wave effects, non-uniform distribution of acoustic sources and MHD wave transformation effects. These uncertainties mostly affect inferences of the sound-speed distribution beneath the sunspots (for a recent review see Kosovichev, 2012) . The helioseismic inferences of subsurface flows are based on measuring and inverting the travel-time differences for the waves traveling along the same path in the opposite directions. Such reciprocal signals are less sensitive to the systematic uncertainties. However, a complete testing and calibration of the flow inferences based on numerical simulations of wave propagation in sunspots has not been completed.
In this work we mostly focus on flows of active regions that are formed beneath sunspots, and, in particular, on the flow patterns during the formation and evolution of a large emerging active region. The primary goal is to investigate the process of formation of the large-scale converging flows that affect the meridional circulation and magnetic flux transport. As a case study we consider a large emerging active region NOAA 11726.
Time-Distance Helioseismology from SDO
The Helioseismic and Magnetic Imager (HMI) provides uninterrupted Dopplergrams with high spatial (0.5 arcsec per pixel, or 0.03 heliographic degrees at the disk center) and temporal (45 sec) resolutions. These data cover the whole spectrum of photospheric oscillations, and are ideal for local helioseismology studies. Developed as a part of the SDO helioseismology program, the Time-Distance Helioseismology Pipeline provides travel times of acoustic waves measured by two different methods, and also the maps of subsurface flows and sound-speed perturbations obtained by using the Multi-Channel . b) a set acoustic paths and the inversion grid illustrating the measurement scheme used in the Time-Distance Pipeline. The inversion grid includes 11 depth intervals: 0-1, 1-3, 3-5, 5-7, 7-10, 10-13, 13-17, 17-21, 21-26, 26-30, and 30-35 Mm. The horizontal grid spacing is 0.12 degrees (∼ 1.45 Mm).
Deconvolution technique and two different types of sensitivity kernels derived from the ray-path and Born approximations (Fig. 1a) . Thus, the pipeline provides four different sets of inversions for the 3D flow velocities and wave-speed variations. Details of the pipeline procedures, and also the test results and estimation of errors are described by Couvidat et al (2012) and Zhao et al (2012) . The pipeline data have been used to determine the distributions of the flow vorticity and helicity, and also variations of the meridional circulation and zonal flows with the solar cycle (Zhao et al, 2014; Kosovichev and Zhao, 2016) .
In addition, we have developed a complementary pipeline for tracking the subsurface dynamics of active regions. This pipeline takes the Carrington coordinates of active regions from the Solar Region Summary (SRS) database, compiled by the NOAA Space Weather Prediction Center (SWPC), and uses these coordinates as the central points of 30 × 30-degree areas tracked for 10 days during their passage on the solar disk. This setup allows us to follow the evolution of active region areas even before the magnetic flux emergence and after the decay. The 3D subsurface flow maps are calculated from the tracked Dopplergrams that are remapped onto the heliographic coordinates using the Postel's projections. Each tracked, 8-hour long, datacube consists of 640 Dopplergrams of 512 × 512 pixels with the spatial resolution of 0.06 degree/pixel, and 45-sec time cadence.
The tracked datacubes are processed through the Time-Distance Helioseismology Pipeline (Fig. 1a) , and the output represents acoustic travel-time maps calculated with 0.12-deg sampling for the whole tracked areas (256×256 pixels). The travel-times are calculated for eleven annuli located at different distances from the central points representing 2 × 2-binned original Dopplergram pixels. The signals of acoustic waves traveling between the central points and the surrounding annuli are calculated from the HMI Doppler velocity measurements as the corresponding cross-covariance functions. The cross-covariances are computed in the Fourier space, and phase-space filters are applied to isolate the signals corresponding to each of the travel distances.
The travel times are calculated by two different methods: 1) the Gabor wavelet fitting (Kosovichev and Duvall, 1997) and 2) a cross-correlation with reference cross-covariance functions obtained by averaging over a large area (Gizon and Birch, 2002) . Then, the travel times are used to infer the 3D maps of subsurface flows and sound-speed perturbations, by solving an inverse acoustic tomography problem. It is formulated in the form of linear integral equations the kernels of which are calculated by using the raypath theory (Kosovichev and Duvall, 1997 ) and the first Born approximation Kosovichev, 2000, 2001; Birch et al, , 2004 Birch and Gizon, 2007) .
Regularized solutions to the inverse problem are determined by the MultiChannel Deconvolution (MCD) method (Jacobsen et al, 1999; Couvidat et al, 2006) , and the regularization parameters were chosen to suppress noise and represents a smooth solution. The depth coverage is illustrated in Fig. 1b , which shows a vertical cut of the inversion grid together with the acoustic ray paths corresponding to the selected set of 11 annuli. Thus, the inversion results provide the 3D flow and sound-speed maps up to the depth of 30 Mm. However, for analysis we use only the top layers less than 20 Mm because the pipeline results become less robust as the 'realization noise' of solar oscillations increases with depth.
The deeper interior of the Sun can be probed by increasing the spatial and temporal averaging of the oscillation cross-covariance function and extending the range of the acoustic ray paths. The deeper penetrating waves travel to longer distances on the solar surface. The primary factors that restrict the resolving power of the time-distance helioseismology with depth are the increasing wavelength of acoustic waves and the increasing 'realization noise'. The realization noise is a consequence of random excitation of solar acoustic waves (Woodard, 1984) . Because the number of deeply-penetrating waves with long horizontal wavelength (that can be represented in terms of normal modes with relatively low angular degree) is smaller than the number of short acoustic waves (high-degree modes) the realization noise increases for deep measurements. Nevertheless, by averaging the cross-covariance signals for two years were able to measure the meridional flows up to the base of the convection zone. One of the great advantages of time-distance helioseismology is that observations of solar oscillations over the whole disk allow us to construct special measurement scheme to select and accumulate signals of acoustic waves traveling through particular regions below the surface. For instance, (Ilonidis et al, 2013 ) developed a special deep-focusing procedure that is capable of detecting large emerging active regions 2 days before they emerge on the surface (Fig. 2) . This procedure will be illustrated in our case study of helioseismic diagnostics of emerging active region NOAA 11726.
3 Detection of active region before it becomes visible on the surface
The deep-focuse measurement scheme used for the subsurface detection of AR 11726 is shown in Fig. 2a-b . In this scheme the cross-covariance function is calculated for the ray paths with the lower turning points located at the depth 42 − 75 Mm. This range of depth corresponds to the travel distance on the surface of 111 − 198 Mm. Thus, the cross-covariance function is calculated using the HMI Doppler velocity measurements located on the opposite side of the annuli shown in Fig. 2b . In this case, the calculated cross-covariance function is mostly sensitive to perturbations located beneath the central point at the depth 42 − 75 Mm, and is not affected by potential perturbations in the flux emergence area. The central point of the annuli is moved to different positions on the surface, and the cross-covariance calculations are repeated. Phase shifts of the local cross-covariance function from the mean profile provide a map of subsurface perturbations at this depth. This approach was optimized for subsurface detection of emerging active regions by Ilonidis et al (2013) . Figure 2c shows the distribution of an effective phase shift ('helioseismic index') in the range of depth 62 − 75 Mm, measured on April 19, 2013, 03:00 UT when there was no significant magnetic flux on the surface (Fig. 2b) . Figure 2d shows variations of the helioseismic perturbation associated with the emerging AR at two different depths: 62 − 75 Mm and 42 − 55 Mm, as a function of time. This approach allows us to track the development of subsurface perturbations with time, and estimate the speed of emergence, which in this case is about 1.4 km/s. The emergence of magnetic flux on the surface starts on the following day, and most of the magnetic flux emerged 2 days after it was first detected below the surface. Currently, this method provides an early detection only large active regions. Thus, a strong helioseismic perturbation below the surface observed prior the emergence may serve as a precursor of large active regions on the solar surface. Figure 3 showing the horizontal flow maps at four different depth at the initial emergence of a bipolar magnetic structure on April 19, 2012, 12:00 UT, overlaid over the photospheric magnetogram. In the near-surface 1 − 5 Mm deep layers (Fig 3a-b) the magnetic flux appeared near the boundaries of a supergranulation cell. However, in the deeper layers, at the depth of 10 − 21 Mm, no characteristic flow pattern associated with the emerging flux can be visually identified. The travel times were calculated by using the Gaborwavelet fitting technique, and the inversion for flows was performed by using the Bornapproximation kernels. Thus, the near surface flow maps prior the emergence do not reveal a distinct large-scale flow pattern which would indicate that a large magnetic structure is coming up. Nevertheless these maps allow us to track the process of emergence. Figure 4a shows a time-space slice of divergence of the horizontal velocity through the subsurface layers in the East-West direction in the depth interval of 7 − 10 Mm. The initial perturbation associated with the flux emergence appeared in our domain, centered at Carrington longitude of 322.0 degrees and −15.3 degrees latitude, at x 0 ≈ 250 Mm. The perturbation represents diverging flows localized around the emerging Ω-loop like structure. In Figure 4b we plot the divergence at x 0 as a function of time and depth. It shows that the emergence speed (indicated by the inclined dotted white line) is about 1.4 km/s which is very similar to the speed observed in the deep convection zone.
Subsurface dynamics of emerging active region
During the further process the subsurface flows are substantially affected by the emerging magnetic field. The flow evolution in four different depth ranges is illustrated in Figures 5-8 . In the subsurface layer, 1 − 3 Mm deep, the initial flow pattern corresponds to the two flux concentrations moving away from each other (Fig. 5a ). However, 12 hours later we observe formation of converging flows around the positive polarity, associated with the formation of a sunspot (Fig. 5b) . In later times, a similar converging flow pattern is established beneath the leading negative polarity, and is also associated with the formation of sunspots (Fig. 5c-d) . Such converging flows have been observed in the time-distance analysis of the SOHO/MDI Doppler velocity and Hinode/SOT intensity data by using the ray-approximation kernels and a different inversion technique (Zhao et al, 2001 (Zhao et al, , 2010 Zhao and Kosovichev, 2003) . The converging flow pattern beneath the sunspots is very stable and supports the cluster model of sunspots suggested by Parker (1979) . Around the sunspots, the flows become diverging, and are probably associated with the horizontal expansion of the active region. From the evolution of the photospheric magnetic field it is clear that the leading polarity is pushed forward, and the following polarity is moved backward. One can also notice that the between the polarities, in the middle of the active region, the horizontal flows are suppressed.
In the deeper layer (3 − 5 Mm), the flows are mostly diverging and are concentrated at the boundaries of the active region. Beneath the following sunspot the flows are weaker but still converging (Fig. 6) . However, beneath the leading polarity the diverging flows dominate. At the depth of 5 − 7 Mm the diverging flow pattern is dominant around both, the leading and following sunspot (Fig. 7) . While in this range of depth the diverging flows are localized around the individual magnetic structures, at greater depths the diverging flow surrounds the whole active region and extends to larger distances, as illustrated in Fig. 8 that shows the flows in the 13 − 17 Mm deep layer. Perhaps, this corresponds to the increasing horizontal extend of the subsurface magnetic region with depth.
Formation of large-scale inflows
Previous investigations by the ring-diagram technique (Haber et al, 2003) and time-distance helioseismology (Kosovichev, 1996) revealed large-scale converging flows around active regions, which alter the mean meridional circulation Zhao and Kosovichev, 2004; Kosovichev and Zhao, 2016) and, thus, the magnetic flux transport affecting the strength and duration of the solar activity cycles. The detailed flow maps from the HMI Time-Distance Helioseismology Pipeline allow us to investigate the process of formation of these flows during the emergence of active regions.
To isolate large-scale flow patterns from the full-resolution flow maps, samples of which are shown in Figures 5-8 , we applied a Gaussian smoothing filter with the standard deviation of 30 Mm. This filter smooths the supergranulation-size flows and reveals larger-scale patterns. The result of this filtering applied to the area of emergence of AR 11726 are shown in Figure 9 . Prior the emergence the subsurface flow pattern represents a shearing zonal flow (Fig. 9a) . At the start of the emergence the zonal flows on the both sides of the emerging magnetic flux are diverted towards the active region, forming a vortex-like structure in the northern part of the area (Fig. 9b) . Then, the converging inflows are amplified and remain stable when most of the flux had emerged on the surface (Fig. 9c-d) .
To investigate the relationship between the flux emergence and formation of the converging inflow in Figure 10a we compare the mean flow divergence with the mean unsigned magnetic field strength, calculated for the area shown in Fig. 9 . It shows that the mean divergence became sharply negative after most of the magnetic flux emerged on the surface. The process of formation of the converging flow took about 24 hours. Figure 10b shows a similar comparison for the kinetic helicity proxy: (∇ · V ) · (∇ × V ) z . However, while the divergence value quickly saturates the helicity value keeps increasing. The helicity increase means that a large-scale vortex structure is formed beneath the active region.
The previous study of Kosovichev and Zhao (2016) showed that the largescale inflows affect the mean meridional flow in a 10 Mm-deep layer at the top of the convection zone, by effectively reducing the flow speed at 20-40 degrees latitude. As the solar cycle progresses the zone of the reduced speed migrates towards the equator. However, the mean helicity proxy has a strong hemispheric asymmetry (being positive in the Northern hemisphere), and remains largely unchanged during the solar cycle. This, probably means that most of the helicity value comes from the supergranulation. The helicity associated with the active region flows has the opposite sign to the mean helicity but contributes only a few percent.
These initial results show that the subsurface flows that develop in and around of emerging active regions have a complex multi-scale structure which is important for the understanding of how the active regions are formed and how they affect the global Sun's dynamics and magnetic activity.
Synoptic flow maps
To get some insight in the global structure of large-scale flows on the Sun, sometimes called 'Solar Subsurface Weather' (Haber et al, 2003) we used the smoothed large-scale flow maps to construct synoptic flow maps similar to the Carrington magnetic field maps. For this, we applied a cos 4 (1.5φ) filter centered at the central meridian with latitude φ = 0 to the individual full-disk flow maps smoothed with the Gaussian filter as described in Section 5. Then, the filtered flow maps calculated with the 8-hour cadence were combined into the Carrington rotation maps by assigning the appropriate Carrington longitude to the central meridian of the individual flow maps. Figure 11a shows the synoptic flow map for Carrington Rotation 2136 and the depth range of 1 − 3 Mm. The color background in the corresponding HMI synoptic map for the radial magnetic field. This Carrington Rotation includes the AR 11726 presented in the previous sections (indicated by arrow in Fig. 11 ). During its passage through the central meridian (approximately at 16:00 UT, 2013.04.20) the active region was in the middle of the flux emergence process when the large-scale converging flows were still forming. The converging flows are clearly seen around other active regions on this map. In the deeper layers (10 − 13 Mm) shown in Fig. 11b we observe very prominent outflows two active regions. However, the outflow associated with AR 11726 is not centered on this region and displaced to the south of it. Perhaps, this is a signature of the continuing flux emergence. Indeed, the synoptic maps of the following Carrington Rotation 2137 shows AR 11726 grew into a very large active region which has a new NOAA number 11745 (Fig. 11c-d) . Of course, a substantial statistical study is required to determine whether the deep subsurface flow patterns can be used for prediction of further evolution of active regions.
The synoptic flow maps reveal also persistent flow patterns on the scale substantially larger than the scale of the active region flows. An apparent correlation of the flows with the distribution of large-scale fields outside active regions is particularly intriguing, and requires further investigation.
Conclusion
As a case study we presented a local helioseismology analysis of the subsurface dynamics of emerging active region NOAA 11726 which is the largest emerging region observed by the SDO/HMI instrument during the first five years of operation. The active region emergence was detected at the depth of 62 − 75 Mm about 12 hours before the first bipolar magnetic structure appeared on the surface, and 2 days before the emergence of most of the magnetic flux. The characteristic speed of emergence estimated from the signal delay in two layers, 62 − 75 Mm and 42 − 55 Mm deep, is about 1.4 km/s. During emergence of the initial bipolar structure no specific large-scale flow pattern in the depth range 0 − 20 Mm were identified. Nevertheless, the region of the flux emergence is characterized by an enhanced horizontal flow divergence that corresponds to the spatial separation of the magnetic polarities. The speed of emergence determined by tracking the initial divergence signal with depth is about 1.4 km/s, very close to the emergence speed in the deep layers.
As the emerging magnetic flux becomes concentrated in sunspots local converging flows are observed beneath the forming sunspots. The converging flows are most prominent in the depth range 1−3 Mm, and remain converging after the formation process is completed. The structure of the converging flows is complicated and apparently reflects the sunspot structural evolution and interaction with the surrounding convection flows. The characteristic speed of these flows is about 0.3 km/s. In the deeper layers the flows beneath the sunspots are predominantly diverging and occupy larger areas. At the depth about 15 Mm the diverging flows occupy a large area around the whole active region.
By applying a Gaussian filter to smooth the supergranulation-scale flows we investigated the formation of large-scale converging flows around the active region. The scale of these flows is much larger than the size of the active region, and the typical flow speed is about 30 m/s. The formation of the converging flows appears as a diversion of the zonal shearing flows towards the active region, accompanied by formation of a large-scale vortex structure. This process occurs when a substantial amount of the magnetic flux emerged on the surface, and the converging flow pattern remains stable during the following evolution of the active region. The flow helicity is opposity in sign to the subsurface hemispheric helicity mostly determined by the supergranulation flows, but does not significantly contributes to the helicity balance. The primary effect of the converging large-scale flows is in changing the speed of the mean meridional flow in the top 10 Mm-deep layer.
The synoptic flow maps presented for the Carrington rotation that includes our case study of AR 11726 show that the large-scale subsurface inflows are typical for other active regions. In the deeper layers (10 − 13 Mm) the flows become diverging, and quite strong beneath some active regions. The active region 11726 in the synoptic map is presented at the beginning of the emergence, but in the deep layers is accompanied by an area of strong divergence, which is off-side of the emerged flux. It remains to be seen if the deep diverging flows indicate on the future development of active regions, but the synoptic map of the following rotation shows that the active region continued to grow on the far side of the Sun and became very large (it received the new NOAA number 11745).
In addition to the flows around active regions the synoptic maps reveal a complex evolving pattern of large-scale flows on the scale much larger than supergranulation. It appears that these flows correlate with the large-scale magnetic field outside active region. The exact relationship has not been established, but the presented case study encourages further in-depth investigations of the solar subsurface dynamics, both observationally and by numerical MHD simulations.
